Abstract Both Centaurs and trans-Neptunian objects (TNOs) are minor bodies found in the outer Solar System. Centaurs are a transient population that moves between the orbits of Jupiter and Neptune, and they probably diffused out of the TNOs. TNOs move mainly beyond Neptune. Some of these objects display episodic cometary behaviour; a few percent of them are known to host binary companions. Here, we study the lightcurves of two Centaurs -2060 Chiron (1977 periodogram analysis of the light-curves of these objects gives the following rotational periods: 5.5±0.4 h for Chiron, 7.0±0.6 h for Chariklo, 4.45±0.07 h for Huya, 12.4±0.3 h for Ixion, and 11.9±0.5 h for Orcus. The colour indices of Chiron are found to be B − V = 0.53 ± 0.05, V − R = 0.37 ± 0.08, and R − I = 0.36 ± 0.15. The values computed for Chariklo are V − R = 0.62 ± 0.07 and R − I = 0.61 ± 0.07. For Huya, we find V − R = 0.58 ± 0.09 and R − I = 0.64 ± 0.20. Our rotation periods are similar to and our colour values are consistent with those already published for these objects. We find very low levels of cometary activity (if any) and no sign of close or wide binary companions for these minor bodies.
Introduction
Centaurs are a group of minor planets found in the outer Solar System whose orbits are strongly perturbed as a result of crossing the paths of one or more of the giant planets (Di Sisto & Brunini 2007; Galiazzo et al. 2015) . Objects in this dynamical class are widely thought to be former members of the so-called TransNeptunian Belt (TNB; e.g. Jewitt & Luu 1993) or even the Oort Cloud (Levison et al. 2001) , and some of them may be transitioning to become short-period comets (e.g. Levison & Duncan 1997) . However, the possible existence of trans-Plutonian planets (see e.g. Trujillo & Sheppard 2014 ; de la Fuente Marcos & de la Fuente Marcos 2014; de la Fuente Marcos et al. 2015; Batygin & Brown 2016) may affect the dynamical pathways leading to this dynamical class. This transient population features perihelia of less than 30 AU, but outside the orbit of Jupiter. A number of them display episodic cometary behaviour (e.g. Jewitt 2009 ). TransNeptunian objects (TNOs) inhabit the TNB and their semi-major axes lie beyond that of Neptune. TNOs actively engaged in mean-motion resonances with Neptune are believed to have become trapped there during planet migration, late in the giant-planet formation process (e.g. Gladman et al. 2012 ). Issues of nomenclature in the outer Solar System are discussed by e.g. Gladman et al. (2008) . A few percent of both Centaurs and TNOs are known to host binary companions (e.g. Walsh 2009; Naoz et al. 2010; Parker 2011; Parker et al. 2011) .
In this paper, we present new photometric data of two Centaurs -2060 Chiron (1977 (2004 DW) . The observations are part of a programme focused on the study of Centaurs, TNOs, and their possible cometary activity. Observations and data processing techniques are described in Sect. 2. Chiron is revisited in Sect. 3. New data and results for Chariklo are presented in Sect. 4. Those for TNOs Huya, Ixion, and Orcus are given in Sects. 5-7, respectively. Results are discussed and conclusions summarised in Sect. 8.
Observations and data reduction
The observations presented here were acquired at the Las Campanas Observatory, between 2006 and 2011, using the 1.0-m Swope telescope equipped with the site#3 2048 × 3150 CCD camera. In the frames, the field of view is about 14.
′ 8 × 22. ′ 8 and the pixel scale is 0.435 ′′ /pixel. Preliminary processing of the CCD frames was carried out using standard routines of the IRAF package.
1 Both dome and sky flat-field frames were obtained in each filter (BV RI) as needed and the images were also corrected for non-linearity (Hamuy et al. 2006; Carraro 2009 ); additional details can be found in Galiazzo (2009) . Photometric calibration of the targets including appropriate zero points and color terms computed for the individual observing nights -when photometric-was performed. As an example, the following relationships between the instrumental (lowercase letters) and the standard colours and magnitudes were adopted in the case of Chariklo (see Sect. 4 
where X is the airmass and the values of the errors associated with the various coefficients appear in parentheses. These expressions were derived merging together standard stars from three different photometric nights after checking that their apparent brightnesses were stable. Second order color terms were computed, but turned out to be negligible. Astrometric calibration of the CCD frames was performed using the algorithms of the Astrometry.net system (Lang et al. 2010 ). In the data tables presented here, when no magnitude is provided for a given astrometric entry (see Appendix A), it means that it was not computed because of the low quality of the CCD frame or the presence of stars too close (even partially or completely blended with it) to the photometric target. Due to the sparse nature of our data, period determination is made using one of the string-length period search algorithms, the LaflerKinman method (Lafler & Kinman 1965; Clarke 2002) . String-length methods are better suited for this task when only a small number of randomly spaced observations are available (e.g. Dworetsky 1983 ). False alarm probabilities are evaluated using the Bootstrap method (e.g. Press et al. 2007 ) with 500 trials.
2060 Chiron (1977 UB)
Discovered in 1977, Chiron is the first known Centaur and one of the largest; its diameter amounts to 218±20 km, with an albedo of 16±3% (Fornasier et al. 2013) . The rotational period of Chiron as determined by Bus et al. (1989) , Marcialis & Buratti (1993) or Sheppard et al. (2008) & Jewitt 1990 ) and it may have a ring (Ortiz et al. 2015; Ruprecht et al. 2015) . Because of this cometary activity, its absolute magnitude changes over time (Belskaya et al. 2010) . BV RI photometry of Chiron was obtained in 2006 June and again in 2011 July-August (but only in R) using the same equipment. During the first observing run (2006 June 26 to 30), Chiron was in Capricornus; as the object's apparent sky motion during the observations was 0.11 ′′ /minute and the exposure time was 400 s, the expected shift during one exposure was well within the seeing disk (1.
′′ 20). The average geocentric distance of Chiron during the observing run was∆=13.32 AU, the average heliocentric distance wasr=14.18 AU, and the average phase angle (Earth-Chiron-Sun angle) wasᾱ=2.
• 3. Table 1 includes the values of the apparent magnitude (Mag) and its associated error (±σ) at the appropriate UTtime (Julian date), the filter used, the airmass (A.M.) and the solar phase angle α in degrees; the associated astrometry is in Table 9 . In this and subsequent calculations the errors quoted correspond to one standard deviation (1σ) computed applying the usual expressions (see e.g. Wall & Jenkins 2012) . A total of 25 frames obtained in R and one in each of the B, V , R, and I filters are presented in Table 1 .
The periodogram corresponding to the first run is shown in Fig. 1 , middle panel. Our best fitting gives a rotational period P = 5.5 ± 0.4 h (or a frequency of 0.183±0.014 rotations per hour). The values of the false alarm probabilities are relatively low: the probability that there is no period with value P is 1.6±0.6% and that of the observations containing a period that is different from P is <0.01%. The light-curve of Chiron in Fig. 1 , bottom panel, shows the detrended data (by fitting a linear function to the data and subtracting) from the top panel phased with the best-fit period, its amplitude is ∼0.1 mag. Its light-curve amplitude was found to be 0.088 mag in 1986 and 1988 (Bus et al. 1989 ) and 0.044 mag in 1991 (Marcialis & Buratti 1993) , but it was measured at 0.003±0.015 mag with data obtained in 2013 (Ortiz et al. 2015) . The raw data in Fig. 1 show a dimming trend that amounts to about 0.1 mag. Raw lightcurves often exhibit smooth trends with timescales of a few days. In our case (see also Figs. 2 and 3), the smooth component seems to be roughly piecewise linear. There are multiple reasons for this behaviour, including seeing-induced variability. It may also be intrinsic to the object under study. For example, fig. 6 (a) in Luu & Jewitt (1990) shows Chiron's rotational variations superposed on a linear brightening trend and this could not be attributed to errors in the correction for atmospheric extinction; Chiron naturally exhibits short-term brightness variations (on timescales of hours). Luu & Jewitt (1990) removed the linear trend in their fig. 6 (b) to facilitate their subsequent rotational period analysis; the brightening trend amounted to about 0.12 mag which is consistent with our Fig. 1 , although in our case we observe dimming not brightening.
Unfortunately, our sparse curve does not sample the entire rotational period well and this may explain why our value of P is somewhat smaller than the ones measured by other authors (i.e. Sheppard et al. 2008) , although the accepted value is nearly within 1σ. However, it matches well the recent determination in Fornasier et al. (2013) ; the value of our amplitude is also consistent with theirs. The value of the absolute magnitude in V derived by Fornasier et al. (2013) is 5.80±0.04 mag; ours is 5.75±0.06 mag which again is compatible with theirs and also with the mean value found over 2004-2008 (see fig. 2 in Fornasier et al. 2013) . The absolute magnitude in V has been computed using eqs. (1) and (2) in Romanishin & Tegler (2005) .
Our photometric data are compatible with a negligible level of cometary activity at the time of the observations and we found no evidence for a comoving (close or wide) companion (see Sect. 8 for additional details). Regarding the colours of this object, we only used consecutive images, or almost consecutive, on the BV RI filters. Adopting this approach we avoid errors induced by possible rotational variability associated with surface features. The colour indices of Chiron were found to be B − V = 0.53 ± 0.05, V − R = 0.37 ± 0.08, and R − I = 0.36 ± 0.15. Our values are consistent with those already published for this object (e.g. Hainaut & Delsanti 2002; Barucci et al. 2005) .
Chiron was reobserved from 2011 July 30 to August 6 (see Tables 2 and 10 ). The average geocentric distance of Chiron during this second observing run was∆=15.92 AU, the average heliocentric distance was r=16.84 AU, and the average phase angle wasᾱ=1.
• 5. Unfortunately, the nights were not photometric and the seeing was variable and worse than that of the first run. Apparent magnitudes in Table 2 Table  11 ). During this initial observing run only astrometry was obtained. The average geocentric distance of Chiron was∆=13.74 AU, the average heliocentric distance wasr=14.11 AU, and the average phase angle wasᾱ=3.
• 9.
10199 Chariklo (1997 CU 26 )
Currently the largest confirmed Centaur, Chariklo has a rotational period of 7.00±0.04 h, an effective radius of 119±5 km (Fornasier et al. 2014) , and a dense ring system (Braga-Ribas et al. 2014; Duffard et al. 2014 ). Due to the rings, the average value of the albedo, 4.2% (Fornasier et al. 2014) , is variable (Duffard et al. 2014 ′′ /minute and the typical exposure time was 400 s; therefore, the expected shift within a given image is again well within the seeing disk. The average geocentric distance of Chariklo during the observing run was∆ = 12.98 AU, the average heliocentric distance wasr=13.20 AU, and the average phase angle (Earth-Chariklo-Sun angle) wasᾱ = 4.
• 35. On each of the photometric nights, we observed 96 standard stars extracted from repeated observations of the four fields Mark A, PG 1657, PG 2213 and SA 110 (Landolt 1992) at different airmasses. Aperture photometry of standard stars was obtained with an aperture radius of 6.
′′ 09 (14 pixels). The instrumental photometry of Chariklo and several field stars was extracted with the DAOPHOTII (Stetson 1987 ) package, with a fitting radius of 5 pixels. We used five stable field stars as reference to shift Chariklo's magnitudes to the first night (June 27th), which was photometric. We then estimated aperture corrections for the field stars, that we applied to Chariklo's measurements -see Carraro et al. (2006) and Galiazzo (2009) for further details. This correction turned out to be smaller than 0.10 mag in all filters. Table 3 is analogous in structure to Table 1 and includes Chariklo's data details for the 2006 run; the associated astrometry can be found in Table  12 . The data are plotted in Fig. 2 , top panel.
The periodogram for the first run (Fig. 2 , middle panel) shows a broad minimum between 6.8 and 7.3 h. Our best fit for the rotational period is P = 7.0 ± 0.6 h (or a frequency of 0.142±0.013 rotations per hour). The probability that there is no period with value P is 4.2±0.9% and that of the observations containing a period that is different from P is 0.2±0.2%. The lightcurve of Chariklo in Fig. 2 , bottom panel, represents the detrended data from the top panel phased with the best-fit period. Our sparse curve matches well that in fig. 1 of Fornasier et al. (2014) , which has an amplitude of 0.11 mag: it displays asymmetric double peaks and an amplitude of ∼0.13 mag. The amplitude in Lacerda & Luu (2006) is about 0.1 mag. The rings affect the amplitude of the overall rotational light-curve as their aspect angle changes over time (Duffard et al. 2014) . The value of the absolute magnitude in V found by Fornasier et al. (2014) is 7.03±0.10 mag; our determination (found as described in Sect. 3), 7.24±0.08 mag, is compatible with this value. Consistently with results in Fornasier et al. (2014) and Duffard et al. (2014) no coma was detected (but see Sect. 8 for additional details).
Regarding the colour indices, the values found for Chariklo were B − V = 0.80 ± 0.05, V − R = 0.62 ± 0.07, and R − I = 0.61 ± 0.07. Again, the values are consistent with some already published for this object (e.g. Hainaut & Delsanti 2002 ). However, they are different from those in Fulchignoni et al. (2008) : V − R = 0.48, V − I = 1.01. These significant differences may be the result of changes in the appearance of the rings that induce variations in the overall spectral properties of this object as the absorption band due to water ice disappears when the rings are edge-on (Duffard et al. 2014; Fornasier et al. 2014) .
Conditions during the second run were less favourable with the seeing changing in the range 1.
′′ 2-2. ′′ 0. No standard stars were used in this case. As the nights were not photometric, no attempt is made to calibrate with respect to standards (see Tables 4 and 13 ). Apparent magnitudes in Table 4 are relative to two suitable reference field stars (not known variables) close to the target body. The average geocentric distance of Chariklo during this second observing run was∆=13.72 AU, the average heliocentric distance wasr=14.08 AU, and the average phase angle wasᾱ=3.
38628 Huya (2000 EB 173 )
Huya is a TNO trapped in a 3:2 mean motion resonance with Neptune, it is therefore a Plutino. Its diameter could be as large as 458±9 km, with an albedo of 8.3±0.4% (Fornasier et al. 2013 Tables 5 and 14) ; it was in Virgo. The average geocentric distance of Huya during the observing run was∆ = 28.59 AU, the average heliocentric distance wasr=29.03 AU, and the average phase angle (EarthHuya-Sun angle) wasᾱ = 1.
• 8. The periodogram in Fig. 3 , middle panel, shows several minima. Our best fit for the rotational period is P = 4.45±0.07 h (or a frequency of 0.225±0.003 rotations per hour). This is close to one of the aliases in Thirouin et al. (2014) , 4.31 h. The probability that there is no period with value P is 32.5±2.1% and that of the observations containing a period that is different from P is 1.0±0.4%. The light-curve of Huya in Fig. 3 , bottom panel, represents the detrended data from the top panel phased with the best-fit period. Our sparse curve looks similar to that in fig. 11 of Thirouin et al. (2014) , its amplitude is ∼0.1 mag. For Huya, we found the following values of the colours: B − V = 1.00 ± 0.06, V − R = 0.58 ± 0.09, and R − I = 0.64 ± 0.20. These are compatible with those in e.g. Hainaut & Delsanti (2002) .
Ixion is also a Plutino, one of the largest known. Lellouch et al. (2013) give a value of the diameter of 617±20 km, with an albedo of 14.1±1.1%. A rotational period of 15.9 h has been derived by Rousselot & Petit (2010) . Ixion was observed in 2010 May (see Tables 6 and 15 ) when the object was in Ophiuchus with the same equipment used for the previous three objects. The average geocentric distance of Ixion during the observing run was∆ = 40.48 AU, the average heliocentric distance wasr=41.38 AU, and the average phase angle (Earth-Ixion-Sun angle) wasᾱ = 0.
• 6. The periodogram in Fig. 4 , middle panel, shows several minima. Our best fit for the rotational period is P = 12.4±0.3 h (or a frequency of 0.080±0.002 rotations per hour). The light-curve is rather flat and the error bars are nearly as large as the purported photometric amplitude. The probability that there is no period with value P is 1.2±0.5% and that of the observations containing a period that is different from P is <0.01%. The light-curve of Ixion in Fig. 4 , bottom panel, represents the detrended data from the top panel phased with the best-fit period. Unfortunately, the data sampling was rather incomplete. No evidence of cometary activity was found in our CCD frames; this result is consistent with those from previous studies (e.g. Lorin & Rousselot 2007) . Ixion was also observed in 2006 (see Table 16 ), but no useful data were acquired other than astrometry. The average geocentric distance of Ixion during this previous observing run was∆=41.34 AU, the average heliocentric distance wasr=42.25 AU, and the average phase angle wasᾱ=0.
• 6.
90482 Orcus (2004 DW)
Also a Plutino, Orcus is the largest of the objects studied in this paper. Its diameter amounts to 917±25 km with an albedo of 23±2% (Fornasier et al. 2013) . Rabinowitz et al. (2007) give a value of 13.188 h for the rotational period of this object. Fornasier et al. (2013) suggest 10.47 h based on Thirouin et al. (2010) that gives an amplitude of 0.04±0.01 mag; a similar estimate is also given in Ortiz et al. (2006) . Orcus has a known companion, Vanth, whose mass is comparable to that of the primary (Brown et al. 2010 ); its diameter is estimated to be 276±17 km (Fornasier et al. 2013 ). This may induce tidally locked rotation in the pair and Ortiz et al. (2011) have found possible evidence of this in the form of a photometric variability with a period of 9.7±0.3 days. Orcus was observed in 2010 May (see Tables 7 and 17 ) and again in 2011 January (see Tables 8 and 18 ) when it was in Sextans with the same equipment used for the previous four objects. The average geocentric distance of Orcus during the first observing run was∆ = 47.73 AU, the average heliocentric distance wasr=47.90 AU, and the average phase angle (Earth-Orcus-Sun angle) wasᾱ = 1.
• 2; the respective values for the second observing run were 47.29 AU, 47.92 AU and 0.
• 9. The periodogram in Fig.  5 , middle panel, results from the analysis of the second run and shows several minima. Our best fit for the rotational period is P = 11.9±0.5 h (or a frequency of 0.084±0.004 rotations per hour). Unfortunately, the light-curve is rather flat and incomplete; it resembles those in figs. 18 and 19 in Sheppard (2007) that show an amplitude < 0.03 mag. The probability that there is no period with value P is > 90%. The light-curve of Orcus in Fig. 5 , bottom panel, represents the data from the top panel phased with the best-fit period and exhibits a photometric amplitude of ∼0.05 which is similar in value to the error bars and also to the values cited in the literature. Small amplitude light-curves are characteristic of spherical objects with featureless surfaces and/or those observed under a nearly pole-on viewing geometry.
Discussion and conclusions
We have collected and analysed R-band photometric data for two Centaurs and three TNOs. In principle, our analysis confirms the published values of the rotational periods of Chiron, Chariklo, and Huya; the photometric amplitudes found are, in general, consistent with those quoted in the literature. These also exhibit notable dispersions, in particular those of Chiron. This may hint at changing surface features or, perhaps, chaotic rotation. Both Ixion and Orcus show behaviour compatible with no variability within the photometric uncertainties. Assuming that the data are reliable, lack of brightness variation may have its origin in slow spin, being viewed nearly pole-on, and/or round shape. In general, our rotational period results could be uncertain by a few tens of percent as they are based on less than full coverage of the light-curve. As for the overall rotational properties of Centaurs and TNOs, the extensive analysis in Thirouin et al. (2014) shows that single TNOs tend to spin faster than binaries. On the other hand, resonant TNOs (Plutinos in particular) are less prone to suffer planetary close encounters, such dynamical events may alter the rotational properties of Centaurs that are more likely to experience tidal interactions with the Jovian planets. In this context, the current values of the rotational periods of Chiron and Chariklo may not be primordial.
Visual inspection and measurements of the FWHM of the objects studied here and neighbouring star images did not reveal the presence of a coma around them. As an example, Fig. 6 compares the brightness profile of Chiron (first run) with that of a scaled background star. Their profiles are indistinguishable in all directions. Since the radial profile of Chiron is basically identical to that of the comparison stars, we conclude that a coma around Chiron was not present or it was well beyond our detection limit (order of 27.18 mag/arcsec 2 ) -if present at all. The absence of a detectable coma is compatible with the results in Fornasier et al. (2013) . In order to constrain the possible presence of a coma, we use the relation given by Jewitt & Danielson (1984) Σ(φ) = m(φ) + 2.5 log(2πφ 2 ) ,
where m(φ) is the total magnitude of the coma inside a circle of radius φ in arcsec and Σ(φ) is the surface brightness at projected radius φ. The upper limit to the surface brightness of a hypothetical coma around the object at φ = 2. ′′ 175 (almost double the seeing) can be set to be 27.18 mag/arcsec 2 as m(2. ′′ 175) > 20 mag in R. This is 3.49 mag fainter (factor of 25) than the limiting value for a single frame as 25 of them were coadded; for a SNR of 10 the limiting magnitude is 20 mag. Consistently, presence of candidate satellites or comoving wide companions brighter than 23.5 mag in R can also be discarded. Similar results have been obtained for the other objects. Modelling the dust production rate for Chiron or Chariklo is outside the scope of this work. The orbital solutions derived from the acquired astrometry (see Appendix A) are compatible with those already available from the JPL Small-Body Database, the MPC data server, or the AstDyS information service. G. and G. C. express their gratitude to S. Ortolani and S. Marchi for many useful discussions and advice. We thank R. Mateluna and L. Jílková for their help with the observations. In preparation of this paper, we made use of the NASA Astrophysics Data System, the ASTRO-PH e-print server, the JPL Small-Body Database, the MPC data server, and the AstDyS information service. 
